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SUMMARY

Thd-chelates (thd = 2,2,6,6-tetramethyl-3,5-heptanedione) of Y, Ce, Pr, Sm,
Eu, Gd, Tb, Tm and Yb and hexafluoroacetylacetonates (hfa) of Pr and Eu were
studied by TG, DSC and MS techniques. TG and DSC curves of the complexes
indicated the sublimation between 100 and 300 °C. According to the DSC
measurenents the sublimation temperatures of rare earth thd chelates decrease
with the cation size being 223 °C for Pr and 170 °C for Yb. The sublimation
temperatures of fluorine containing complexes were 100 degrees lower than those
of thd-chelates.

The mass spectra of the rare earth-thd chelates were very similar. The main
peak in each spectrum corresponded Ln(thd)z. The alkaline earth-thd chelates
exist as Mz(thd)3 species in the UHV conditions. The strongest peaks in the MS
of the fluorocomplexes were the following: Pr(hfa)3-H,0 and Eu(hfa);-DMF.

INTRODYCTION

Volatile metal chelates have been used for the gas-chromatographic
separation of metals, in particular rare earths whose separation by other means
is difficult (refs. 1-4). A more recent application of volatile metal chelates
is their use as source materials in the growth of thin films by chemical vapor
deposition (CVD) processes (refs. 5-7).

Alkaline earth and rare earth metals have only a few volatile compounds
which can be used in CVD deposition of thin films. B-diketonate complexes of
these elements are volatile and sufficiently stable and therefore they have
been applied in the CVD growth of high T, superconducting films, for instance
(refs. 5,6). P-diketone chelates have also been succesfully employed by us in
the growth of semiconductor layers for electroluminescent thin film devices by
the Atomic Layer Epitaxy process (ALE) (refs. 8-11). In the present paper TG,
DSC and MS data will be presented for selected B-diketonate complexes. The data
obtained are useful interpretation of the behaviour of B-diketonate chelates in
ALE thin film growth. Furthermore, they contribute to a better understanding of
the film growth processes from the gas phase.
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EXPERIMENTAL
Synthesis of Metal Chelates
The ligands (2,2,6,6-tetramethyl-3,5-heptanedione = thd, 1,1,1,5,5,5-hexa-

fluoro-2,4-pentanedione=hfa), alkaline earth nitrates as well as the rare earth
oxides were commercial, analytically pure reagents. The metal chelates studied
were synthesized following the methods documented in the literature: M(thd), (M
= Ca,Sr,Ba) (ref.12), Ln(thd)3 (Ln = Y,Ce,Pr,5m,Eu,Gd,Tb,Tm,Yb) (ref.13),
Ln(hfa)3-nHy0 (ref.l14).

Thermogravimetry and Differential Scanning Calorimetry
Thermoanalytical measurements were carried out by the Perkin-Elmer Series 7

instruments. The sample size in TG measurements was about ten milligrams and in
DSC measurements five milligrams. The heating rate was 10 °C/min in all

measurements. Dry argon was used as flow gas.

Mass Spectometry
The molecular formula of the volatilized species were determined in a VG

7070E high-resolution mass spectrometer which has a heated inlet for solid

samples. The temperature of the sample chamber was in the range 250-400 °C.

RESULTS AND DISCUSSION
The results obtained in the TG and DSC measurements are summarized in Table

1 which also gives the colors of studied materials.
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Fig. 1. A typical TG curve for Tb(thd);.
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TABLE 1
Sublimation or decomposition temperatures, weight remaining in TGA, DSC peak

temperature and color of the chelates.

Compound Temperature range of Residue DSC peak Color of
sublimation as wt.-% temperature (°C) the chelate
determined by TG (°C)

Y(thd), 215-251 1.9 173 vwhite
Ce(thd), 246-254 1.8 203 brown
Pr(thd)s 249-290 5.3 223 light-green
Sm(thd)3 232-274 1.2 205 white
Eu(thd), 229-266 2.0 192 yellow
Gd(thd)q 225-254 7 186 white
Tb(thd)y 222-257 3.3 182 white
Tm(thd)3 217-245 2. 174 white
Yb(thd) 216-250 1. 170 white
Ca(thd), 284-309 5.0 white
Sr(thd), 303-336 6.5 white
Ba(thd), 349-403 6.9 white
Pr(hfa);3-3H,0 230-260 17.0 124 light-green
Eu(hfa),-H,0-DMF 190-231 9 84 light-pink

All the rare earth thd complexes show in TG studies similar behaviour. Their
TG curve is smooth and the weight loss is rapid and complete approaching 100
percent. Fig.l shows a typical thermogram for a rare earth thd complex. When
the radius of the trivalent rare earth ion decreases, the volatility of the
chelates increases (ref. 15). The size of yttrium is close to that of ytterbium
and accordingly their thd chelates sublime in the same temperature range.

The alkaline earth thd complexes have similar TG curves showing only
sublimation with complete weight loss. The volatility decreases in the series
Ca>Sr>Ba. The tendency is the same as found in rare earth complexes: the
smaller the cation the better the volatility.

As expected, the fluorine substituted chelates have greater volatility than
the non-fluorine substituted species (Table 1)(ref. 16). Fluorinated
acetylacetonates have incomplete coordination (ref. 17) and they fill the
coordination sphere in aqueous solutions by aqua ligands. Upon heating these

complexes do not sublimate completely but partial decomposition occurs. The
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Fig. 3. The high resolution mass spectrum of Ln(thd)3.
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volatility can be improved by the substitution of aqua ligands by dimethyiform-
amide (DMF) or tri-n-butylphosphinoxide (ref. 18).

A typical DSC curve is shown in Fig. 2. The curve contains only an
endothermic peak which is due to the sublimation of the thd chelate. All the
rare earth thd and hfa chelates studied showed a similar behaviour. The
sublimation temperatures exhibit the same trend as found in TG curves: the
temperature decreases with decreasing cation size (Table 1). Pr(hfa)3-3H,0
showed an endothermic peak at 124 °C and an exothermic peak at 295 °C
indicating that some decomposition takes place.

In the mass spectra of rare earth thd chelates the main peaks correspond to
molecules with stoichiometry of Ln(thd), (Fig. 3). The molecular peak Ln(thd)4
can be found in the spectra as well as Ln(thd) together with several
decomposition fragments of the ligand. The mass spectra of fluorine-substituted
acetylacetone chelates of rare earths are more complex. Suprising is that the
"extra" ligands, water in Pr(hfa); and DMF in Eu(hfa)j, are so strongly bound
that they remain in the complexes in the gas phase (Fig. 4). In alkaline earth
thd chelates the molecular peaks correspond to the formula M;(thd); (Fig. 5).
The presence of this molecule has earlier been documented in the literature
(ref. 20). The other noteworthy peak in the spectrum is that of M(thd). It is
interesting to note that for a chelate mixture consisting of Ca(thd)z and
Sr(thd), heteronuclear species in the form of CaSr(thd)j have been detected by

a mass spectrometric study (ref. 19)
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Fig. 4. The mass spectrum of Pr(hfa);-3H;0.
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Fig. 5. The mass spectrum of Ca(thd),.

Our previous studies on ALE deposition of MS (M = Ca,Sr,Ba) films doped with
Ln3t ions have shown that polycrystalline highly luminescent materials can be
obtained using thd chelates as sources. A typical feature for ALE deposited
films grown. from elements or small molecules is a strong preferential
orientation towards a certain crystal direction (ref. 20). In the case of
M(thd); the growth rate of the films is slow and the preferential orientation
is not perfect. The low growth rate means that the large thd ligands remain
coordinated when the H(thd)x gaseous species are chemisorbed on the substrate.
Due to the steric hindrance the coverage of metal atoms on the surface is low.

The MS results indicate that alkaline earth metals are entering the growing
surface bound in different species. This may affect the films to orientate
differently at different sites of the substrate. The share of different H(thd)x
species in the gas mixture may vary depending on the experimental conditions.

This results in differently oriented films if growth conditions vary.

CONCLUSIONS

The TG and DSC measurements showed that the B-diketonate chelates of
alkaline earth and rare earth metals sublime easily in inert atmosphere. The
sublimation temperature depends on the cation size of the metal. According to
the mass spectra the gas phase generated by sublimation is a complex mixture of
species where different ligand to metal ratios can be found.

Thermoanalytical methods are useful means for studying volatile compounds
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for possible use in the CVD growth of thin films. The sublimation temperatures
and the completeness of the sublimation can be measured. A mass spectrometer
can be utilized in studying the composition of species in the gas phase.
However, the mass spectrometer is an UHV instrument and thus the results are
not directly comparable to those found in thin film deposition equipment. The
MS results, however, give an indication on which complexes may exist in the gas
phase and contribute to a better understanding of the reaction mechanisms
during the film growth. In the case of B-diketonate chelates the gas phase
contains a mixture of species leading obviously to a very complex film growth

process.

Acknowledgement
Ms. Kirsti Wiinamidki (University of Turku) is gratefully acknowledged for

the recording of the mass spectra.

REFERENCES

1 K. Utsunomiya and T. Shigematsu, Thermogravimetric and gas-chromatographic
study of neodymium, gadolinium and erbium B-diketone chelates, Anal. Chim.
Acta 58(3) (1972) 411-419.

2 G. Guiochon and C. Pommier, Gas Chromatography in Inorganics and
Organometallics, Ann Arbor Science Publishers, Michigan, 1973.

3 K.-H. Hellmuth and H. Mirzai, Uber fliichtige Hexafluoracetylacetonate zur
Abtrennung und gas-chromatographischen Bestimmungen von Spurmetallen,
Fresenius Z. Anal. Chem. 321(1) (1985) 124-130.

4 G. Schwedt, Chromatographic Methods in Inorganic Analysis, Dr. Alfred
Huthig Verlag, Heidelberg, 1981.

5 A. D. Berry, D. K. Gaskill, R. T. Holm, E. J. Cukauskas, R. Kaplan and R.
L. Henry, Formation of high T, superconducting thin films by organometallic
chemical vapor deposition, Appl. Phys. Lett. 52(20) (1988) 1743-1745.

6 H. Yamane, H. Masumoto, T: Hirai, H. Iwasaki, K. Watanabe, N. Kobayashi, Y.
Muto and H. Kurosawa, Y-Ba-Cu-O superconducting thin films prepared on
SrTiOq substrates by chemical vapor deposition, Appl. Phys. Lett. 53(16)
(1989) 1548-1550.

7 S. Oda, H. Zama, T. Ohtsuka, K. Sugiyama and T. Hattori, Epitaxial growth
of YBaCuO films on sapphire at 500 °C by metalorganic chemical vapor
deposition, Jpn. J. Appl. Phys. 2, Lett. 28(3) (1989) L427-L429.

8 M. Tammenmaa, M. Asplund, H. Antson, L. Hiltunen, M. Leskeld, L. Niinistd
and E. Ristolainen, Alkaline earth sulfide thin films grown by atomic layer
epitaxy, J. Cryst. Growth 84(1) (1987) 151-154.

] M. Asplund, J. Holsd, M. Leskeld, L. Niinist® and E. Nykénen,
Photoluminescence studies on Tb3 3t activated alkaline earth sulfide thin
films, Inorg. Chim. Acta 139(1-2) (1987) 261-263.

10 M. Leskeld, M. Mikeld, L. Niinistd, E. Nykdinen and M. Tammenmaa,
Electroluminescent calcium sulfide thin films doped with Tb3* and Eu2+
Chemtronics 3(3) {1988) 113-11S5.

11 M. Leskeld, L. Niinistd, E. Nykdnen, P. Soininen and M. Tiitta,
Electroluminescent thin films containing terbium-activated strontium
sulfide, J. Less-Common Met. 153(2) (1989) 219-222.

12 K. J. Eisentraut and R. E. Sievers, Volatile rare earth chelates, J. Am.
Chem. Soc. 87(22) (1965) 5254-5256.

13 G. S. Hammond, D. C. Nonhebel and C.-H. S. Wu, Chelates of B-diketonates.
V. Preparation and properties of chelates containing sterically hindered
ligands, Inorg. Chem. 2(1) (1963) 73-76.

14 R. Belcher, J. Majer, R. Perry and W.I. Stephen, Volatile complex chelates



98

15

16

17

18

19

20

of rare earth and alkali metals, J. Inorg. Nucl. Chem. 31 (3) (1969)
471-478.

K. J. Eisentraut and R. E. Sievers, Thermogravimetric studies of metal
B-diketonates, J. Inorg. Nucl. Chem. 29(8) (1967) 1931-1936.

E. W. Berg and J. Jaime Chiang Acosta, Fractional sublimation of the
B-diketone chelates of the lanthanide and related elements, Anal. Chim.
Acta 40(1) (1968) 101-113.

J. A. Cunningham, D. E. Sands and W. F. Wagner, The crystal and molecular
structure of yttrium acetylacetonate trihydrate, Inorg. Chem. 6(3) (1967)
499-503.

M. F. Richardson and R. E. Sievers, Volatile rare earth chelates of
1,1,1,5,5,5-hexafluoro-2, 4-pentanedione and 1,1,1,2,2,3,3,7,7,7-decafluoro-
4,6-heptanedione, Inorg. Chem. 10(3) (1971) 498-504.

J.E. Schwarberg, R.E. Sievers and R.W. Moshier, Gas chromatographic and
related properties of the alkaline earth chelates with 2,2,6,6-tetramethyl-
3,5-heptanedione, Anal. Chem. 42(14) (1970) 1828-1830.

M. Leskeli, Atomic layer epitaxy in the growth of polycrystalline and
amorphous films, Acta Polytechn. Scand., Ser. Chem. Techn. & Metall. Ch 195
(1990) 67-80.



